INTRODUCTION {#S0001}
============

The growing threat of a pandemic caused by influenza virus variants such as the influenza A (H1N1), avian flu virus (H5N1), or virulent pathogenic agents presents a unique challenge to healthcare workers, emergency responders, and the civilian population. The influenza virus can be spread from person to person in airborne droplets produced by the sneeze or cough of an infected person.^(^[@CIT0001]^)^ The Centers for Disease Control and Prevention (CDC) currently recommends that healthcare workers wear a respiratory protective device at least as protective as a National Institute for Occupational Safety and Health (NIOSH) approved, fit-tested, N95 disposable filtering facepiece respirator (FFR) when in close contact to a patient infected by a respiratory pathogen (e.g., tuberculosis, severe acute respiratory syndrome (SARS) corona virus, and so on) thought to spread human to human via aerosol transmission.^(^[@CIT0002]^)^

Infectious viral aerosols are not well characterized and are poorly understood in the real world. A single virus can range in size from 20 to 300 nm. Although a single virus may be smaller than a bacteria particle (300 to 10,000 nm in size), viral aerosols likely exist as agglomerates or attached to inert particles.^(^[@CIT0003]^,^[@CIT0004]^)^ Infectious aerosols generated by coughing, sneezing, talking, and breathing create a diverse size of particles ranging from less than 1 μm to 100 μm.^(^[@CIT0005]^)^ Measurements taken in a healthcare facility in the size ranges of \<1 μm, 1--4 μm, and \> 4 μm detected particles containing the influenza in each range at 4, 46, and 49%, respectively.^(^[@CIT0006]^)^ Although natural occurring virus aerosols likely exist as agglomerates, the infectious aerosol process is not well known and does not exclude the possibility of an infectious viral aerosol within the nanometer size range.

Currently, NIOSH certifies respirators to meet performance requirements defined in Title 42 of the *Code of Federal Regulations* (CFR) Part 84.^(^[@CIT0007]^)^ In order to verify respirator particulate filter efficiency, N95 FFRs and filter cartridges are challenged with a sodium chloride (NaCl) aerosol having a count median diameter (CMD) of 0.075 μm and geometric standard deviation (GSD) of 1.86. A light scattering photometer is used to measure the aerosol penetration on a mass basis at a constant 85 L/min flow rate. The mass-based penetration is the ratio of aerosol mass per unit volume measured upstream and downstream of the respirator filter. The certification requirements are intended to provide a measure of respirator filter performance during a severe condition with respect to flow and particle size, charge, and shape.

The NIOSH respirator certification photometry method provides an indication of particle mass, which is appropriate for calculating mass-based chemical exposure hazards, but small aerosol particles (\<100 nm) have very little mass and are not well detected by the photometry method.^(^[@CIT0008]^)^ The NIOSH-certification method effectively only measures the penetration of particulate aerosols greater than 100 nm.^(^[@CIT0008]^)^ A count-based method offers better sensitivity within the nanometer size range than the photometry method since the efficiency is determined by measuring the actual number of aerosol particles that penetrate the respirator filter. Furthermore, a count-based method is more relevant to biological dosing hazards since the number of organisms deposited in the respiratory tract is one factor used to estimate the risk of infection.^(^[@CIT0009]^)^

Respirator filtration efficiency is dependent on particle size and face velocity.^(^[@CIT0003]^)^ Studies have found the most penetrating particle size (MPPS) of N95 filters is generally between 40 and 50 nm which is within the size range of individual viruses.^(^[@CIT0010]^--^[@CIT0013]^)^ Face velocity is related to the airflow through the filter and the available surface area of the filter. An increase in face velocity will increase the penetration within the MPPS range.^(^[@CIT0003]^)^ Flow pattern can also affect penetration. A normal breathing rate approximated by a cyclic sinusoidal flow rate though a respirator filter will result in a higher particulate penetration than a constant flow equivalent based on minute volume.^(^[@CIT0012]^)^ Additionally, peak flow rates measured during exhaustive work can exceed the 85 L/min NIOSH certification flow.^(^[@CIT0014]^)^ A high breathing rate and particles sized within the MPPS range may result in aerosol penetration exceeding that associated with the stated certification level.

Numerous studies have investigated the efficiency of NIOSH-approved FFRs against airborne bacteria.^(^[@CIT0015]^--^[@CIT0022]^)^ The FFRs for the most part have been shown to provide protection at or better than their NIOSH certification rating. Penetration of bacteria was found to be dependent on aerodynamic diameter as well as shape. For a given aerodynamic diameter, rod-shaped bacteria with a larger aspect ratio (length to width) were generally collected more effectively on filter media than bacteria with a low aspect ratio (round).^(^[@CIT0022]^)^ The certification challenge aerosol has a mass median aerodynamic diameter (MMAD) of approximately 300 nm and is closer to a sphere in shape and sized smaller than most bacterial aerosols. Since the filters prove efficient under the certification test conditions, they are expected to provide adequate protection, assuming a proper fit, against infectious bacterial aerosols such as tuberculosis.

Fewer studies have investigated the efficiency of NIOSH-approved FFRs and particulate filters against viral aerosols. Studies have shown higher penetration of particles sized within the unagglomerated viral size range,^(^[@CIT0010]^--^[@CIT0012]^,^[@CIT0023]^)^ compared to larger particles, but less is known about how much of the penetration is made up of viable viruses. A study by Balazy et al.^(^[@CIT0023]^)^ measured the total size-dependent penetration of a MS2 bacteriophage virus (MS2 virus) aerosol through N95 FFRs and surgical masks at a constant 85 L/min flow with a Wide-range Particle Sizer (WPS, MSP Inc., Minn.). The particle sizer counted and sized each particle in small intervals from 10 to 80 nm. Although particles were detected within each size range, the most counts were within the 30 nm interval when measuring the challenge aerosol. The authors speculated that the disperse aerosol was likely made up of agglomerates of cell fragments and viable cells. At the MPPS, approximately 50 nm, one of the N95 filters tested exceeded 5%. The authors concluded that NIOSH-certified FFRs may not provide the expected protection against viral aerosols. Although higher particulate penetration levels than expected were detected, the penetration may have been viral fragments or inert salts from the nebulized liquid suspension medium and not viable viral particles.

A study conducted by Eninger et al.^(^[@CIT0024]^)^ simultaneously measured the physical and viable penetrations of a MS2 challenge aerosol with essentially the same setup as Balazy et al.^(^[@CIT0023]^)^ The viable penetration values were found to agree with the physical penetration measurements within the 20 to 30 nm range based on the assumption that single viruses (20 to 30 nm in size) were aerosolized. However, the viable size of the bioaerosol test challenge was not measured so the comparison may not be valid. The penetration characteristics of viable viruses close to the MPPS in both studies were uncertain.

Lore et al.^(^[@CIT0025]^)^ evaluated the physical and viable penetrations of NIOSH-certified N95 and P100 FFRs at a flow rate of 85 L/min using inert salt (NaCl) and viable MS2 aerosol test challenges. The MS2 physical filtration performance was found to be equivalent to that of NaCl for all FFR models tested. However, the viable MS2 penetration values for the conventional N95 and P100 FFRs (those without an antimicrobial treatment) were found to be less than the MS2 physical penetration measurements. The authors attributed the apparent discrepancy to intrinsic experimental variability associated with the viable MS2 measurement methods. They also noted that the nebulizer solution contained spent growth media, nutrients, and other particles along with the MS2 viruses producing a polydisperse aerosol ranging from 10 to 407 nm. In another study, Wen et al.^(^[@CIT0026]^)^ measured the viable penetration of high-efficiency particulate air (HEPA) equivalent full-facepiece respirator filter cartridges using a polydisperse phage f2 surrogate viral aerosol with a geometric mean size of 765 nm. Using a setup similar to Balazy et al.,^(^[@CIT0023]^)^ the filtration efficiencies of the HEPA-equivalent cartridges tested exceeded 99.99%.

All the previous mentioned studies, as well as this study, used a surrogate viral aerosol (e.g., MS2) to evaluate the filtration efficiencies of N95/P100 FFRs and particulate respirator filters. A recent study by Zuo et al.,^(^[@CIT0027]^)^ however, investigated both the physical and viable penetration of N95 FFRs using actual pathogenic viruses. The authors used human adenovirus serotype 1 and swine influenza H3N2 virus (SIV) for the test aerosols. The FFRs were tested at a constant flow rate of 85 L/min. The size distribution of both bioaerosols was similar and polydisperse with a CMD of approximately 50 nm. The physical penetration of the virus aerosols was found to be between 2 and 5%. The infectivity (viable) penetration of the adenovirus was found to be two orders of magnitude lower than physical penetration, leading the authors to conclude that the latter measurement provides a more conservative estimate for respirator performance.

Infectious bioaerosols pose a serious concern to those exposed during occupational activities. Air-purifying particulate respirators are widely used by healthcare workers and other professions to provide protection against influenza and other viral airborne pathogens. In an effort to provide a better understanding of the filtration efficiency of commonly used particulate respirators, the viable penetration of a viral aerosol was measured on NIOSH-approved N95 and P100 FFRs and filter cartridges. A nebulized solution of MS2 was used as the surrogate bioaerosol test challenge, and the tests were performed under high constant and cyclic flows to provide an assessment of filter efficiency when worn under conditions of maximum work.

METHODS AND MATERIALS {#S0002}
=====================

Filters and Flow Rates {#S0002-0001}
----------------------

A total of eight NIOSH-approved particulate respirators (FFRs and filter cartridges) were evaluated in this study. The filter types and models tested are summarized in [Table I](#T0001){ref-type="table"} and included two N95 FFRs, two P100 FFRs, two N95 cartridges, and two P100 cartridges. Although healthcare workers primarily use N95 FFRs to protect against bioaerosol hazards, P100 FFRs and N95/P100 cartridges used with elastomeric half-mask respirators are also available for use. Thus, both types were included in the study. The FFRs and cartridges were obtained from several manufacturers to provide a range of selections. The FFRs and cartridges were tested as-received. The environmental conditions during testing were maintained at ambient temperature (25 ± 3°C) and relative humidity (40 ± 10%). Tests were performed at two constant and two cyclic flow rates. The constant flow rates were 85 and 270 L/min. The cyclic sinusoidal flow conditions had minute volumes (volume of air inhaled in one minute during breathing cycle) of 85 (37 breaths/min--2.3 L tidal volume) and 135 L/min (44 breaths/min--3.1 L tidal volume). The 85 L/min constant flow matched the NIOSH certification flow rate and the minute volume flow of the 85 L/min cyclic flow condition. In addition to the minute flow, the sinusoidal cyclic flows have peak and mean inhalation flows. TABLE I.Summary of Cartridges and FFRsFilter TypeRatingModelManufacturerCartridgeN95Flexi-FilterMSA (Pittsburgh, Pa.) N957506North Safety Products (Cranston, R.I.) P100HE-TSEA (Branford, Conn.) P1001050Survivair (Santa Ana, Calif.)FFRN951730Louis M. Gerson, Co., Inc. (Middleboro, Mass.) N95Affinity PlusMSA (Pittsburgh, Pa.) P10082933M (St. Paul, Minn.) P1002360Moldex-Metric, Inc. (Culver City, Calif.)

The peak inhalation flow (PIF) represents the highest rate of airflow during the inhalation phase of the breathing cycle. The mean inhalation flow (MIF) is the average rate of airflow over the entire inhalation portion of the breathing cycle. Previous research has shown that the PIFs and MIFs are important when looking at filter efficiency.^(^[@CIT0012]^,^[@CIT0028]^)^ The 270 L/min provided a constant flow condition equivalent to the PIF and MIF of the 85 and 135 L/min cyclic flow conditions, respectively. These flows represent extreme conditions that will not likely be encountered while wearing these types of filters. A more detailed description of the flows and justification for high flow test rates can be found in a companion study performed by Eshbaugh et al.^(^[@CIT0012]^)^ Since most non-powered air-purifying respirators use particulate cartridges in pairs, the cartridges were all tested at half the tidal volume or constant flow rate stated.

Test Apparatus {#S0002-0002}
--------------

The test system, illustrated in [Figure 1](#F0001){ref-type="fig"}, consisted of an exposure chamber, breathing machine or vacuum pump, aerosol generator, and aerosol sampling systems. The chamber was a sealed Lucite enclosure approximately 75 × 75 × 60 cm. The test filter or respirator was sealed to a filter holder mounted on the bottom of the chamber. The filter holder passed through the bottom of the chamber and connected to the breathing machine, or vacuum pump, with large-diameter (∼2.5 cm OD) flexible tubing. The in-house custom fabricated breathing machine was of piston-cylinder design and allowed for the adjustment of the tidal volume and breathing rate. A vacuum pump (Gast Manufacturing Inc., Benton, Mich.) was used for constant flow tests. The test system was also set up such that the test filter (i.e., cartridge or FFR) was bypassed during system start-up to minimize aerosol loading. FIGURE 1.Schematic of test system used to measure viable viral penetration

Samples of the aerosol challenge and filter effluent were collected on 47-mm water-soluble gelatin filter discs (Sartorius Stedim Biotech S.A., Aubagne, France) for subsequent bioassay to determine the viable airborne concentrations. Gelatin filters have been shown to have collection/recovery efficiencies for MS2 aerosols similar to standard impinger sampling methods.^(^[@CIT0029]^)^ The challenge sample was collected through a sampling probe that extended away from the chamber wall. The filter discs were housed in a 47-mm filter holder and a sample pump (Gast Manufacturing Inc., Benton, Mich.) was used to pull 4 L/min through the filter. The filter samples were analyzed using established plaque bioassay techniques to determine the number of viable virus particles. A monolayer of *E. coli* (American Type Culture Collection \[ATCC\] No. 15597, Rockville, Md.) was infected with a sampled MS2 dilution. Clear areas in the cloudy Petri dish appeared as the viruses grew and killed the host *E. coli* cells. The clear areas or plaques were counted and the plaque-forming units (pfu) per liter of sampled air were calculated. It was assumed that one plaque corresponded to one virus.

MS2 Virus Aerosol {#S0002-0003}
-----------------

The MS2 virus is an icosahedron-shaped, approximately 20 nm-diameter virus that replicates inside host E. coli cells. MS2 (ATCC No. 15597-B1) was selected as it is non- pathogenic and its viability after aerosolization has been demonstrated.^(^[@CIT0024]^,^[@CIT0029]^)^ The aerosol generation system consisted of a nebulizer and charge neutralizer (Model 3012, TSI, Shoreview, Minn.). The MS2 virus was suspended in filtered, deionized water and aerosolized using a 24-jet Collison nebulizer (BGI Inc., Waltham, Mass.). Typical suspension concentrations were 1 × 10^11^ pfu/ml. To dry the aerosol, the aerosol was diluted with dry filtered house air prior to delivery to the test chamber. Typical viable challenge concentrations were 1 × 10^5^ pfu/L air.

Control samples were assessed to ensure MS2 viability as well as diluents and media sterility. MS2 stock samples were measured routinely as positive control samples. For each test, a post nebulization sample was measured from the MS2 used to generate challenge aerosols as a check on MS2 viability during testing. Media, diluents, and filter blanks were analyzed as negative controls to ensure no contamination. The challenge and downstream samples were paired to negate the impact of potential MS2 loss due to sampling and environmental factors. The upstream and downstream samples were collected simultaneously and the sample flow rates were the same.

The size distribution of the aerosol containing viable MS2 was measured with a cascade impactor (Model 266 Marple Impactor, Sierra Instruments, Carmel Valley, Calif.). The number of viable viruses collected on each stage was determined by bioassay. The distribution of the viable MS2 as a function of particle size is shown in the log probability graph in [Figure 2](#F0002){ref-type="fig"}. The cumulative percent of MS2 viruses collected per stage (represented by the circles in the figure) are plotted along with the corresponding line of best fit. The linear regression was fitted to the first three data points which represents over 95% of the collected viable viruses and had a correlation coefficient (R^2^) of 0.949 and GSD of 1.6. The intersection of the line of best fit at the 50th percentile point on the graph provides an estimate of the MMAD which was around 500 nm. This is a viable aerosol measurement, not the total aerosol distribution. Other particles such as dried solids and viral fragments may also be in the challenge aerosol but are not detected by the particle measurement method if they are not associated with a viable virus. FIGURE 2.Viable MS2 virus size distribution

Calculation of Aerosol Penetration {#S0002-0004}
----------------------------------

The percent aerosol penetration (P) was defined as the ratio of the downstream viable aerosol concentration (C~Down~) to the challenge (upstream) aerosol concentration (C~Chal~):

Alternatively, the filtration efficiency (η) was defined as:

The efficiencies were measured based on viable aerosol concentrations (pfu/L). The viable concentration was determined from the bioassay of the 47-mm filter discs and the total sample volume. Two upstream and two downstream samples were collected during each test. The number of plaque-forming units, after correcting for dilution factors during bioassay, was divided by the volume of air sampled to obtain the viable airborne concentration. The average values were used to calculate the penetration.

The challenge concentration was maintained at a level to measure penetrations of at least 0.03%. Minimum detection limits of 2 pfu/L air sampled were established for MS2 enumeration methods. Depending on flow condition, the challenge concentration of MS2 ranged between 1 × 10^4^ and 1 × 10^5^, leading to minimum penetrations of 0.02 to 0.002%. The actual minimum measureable penetration varied from trial to trial depending on the measured challenge concentration.

RESULTS AND DISCUSSION {#S0003}
======================

The average measured penetration (three trials) of viable MS2 through each of the test filters over the range of conditions is summarized in [Table II](#T0002){ref-type="table"}. The P100 FFRs and cartridges were very efficient as the measured penetrations were typically below the detection limit of the method. The measured count-based penetrations for these filters were all less than 0.03% (i.e., filtration efficiencies \> 99.97%) even at the extreme high flow conditions representing maximum work. Detectable quantities of MS2 penetrated the N95 FFRs/ cartridges, but the penetration was less than 5% in all cases. A slight increase in penetration ranging from a factor of two to three could be seen with an increase in either constant or cyclic flow rate, which is consistent with the literature.^(^[@CIT0012]^,^[@CIT0028]^)^ TABLE II.Comparison of Percent Penetration Measured Using MS2 Aerosol Challenge and Bioassay Method under Constant and Cyclic Flow Conditions  Flow Rate*[^A^](#T0002-FN0001){ref-type="fn"}* (L/min)  ConstantCyclicFilter TypeFilter8527085135  Average Penetration (%)CartridgeMSA N950.55 ± 0.751.3 ± 1.21.1 ± 1.00.54 ± 0.36 North N950.30 ± 0.101.9 ± 1.11.7 ± 2.02.5 ± 1.7 Survivair P1000.022 ± 0.015\<0.018*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.012*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.030^*B*^ SEA P100\<0.002*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.009*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.007*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.015^*B*^FFRMSA N950.51 ± 0.371.7 ± 1.80.93 ± 0.601.1 ± 0.61 Gerson N950.51 ± 0.301.8 ± 0.550.48 ± 0.070.89 ± 0.43 3M P100\<0.001^*B*^\<0.014*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.002*[^B^](#T0002-FN0002){ref-type="fn"}*\<0.003*[^B^](#T0002-FN0002){ref-type="fn"}* Moldex P1000.005 ± 0.0030.050 ± 0.007\<0.001*[^B^](#T0002-FN0002){ref-type="fn"}*0.010 ± 0.006[^1][^2]

Particulate penetration is highly dependent on size and flow rate.^(^[@CIT0003]^,^[@CIT0010]^--^[@CIT0012]^)^ As a result, particles larger or smaller than the MPPS will not penetrate as well. In this study, a nebulized suspension of MS2 was used as a surrogate test challenge to characterize the effectiveness of N95 and P100 FFRs and cartridges against infectious airborne viruses. Real-world viral aerosols are created by a cough, sneeze, or speech from an infected person. Most viral particles detected by Blachere et al.^(^[@CIT0006]^)^ in a healthcare setting during the peak of influenza season were greater than 1 μm. Conversely, as a result of the aerosolization techniques, most viable MS2 aerosol particles in this study were less than 1 μm. Although the individual MS2 virus was sized within the MPPS range, the viruses agglomerated with other viruses and dried solute particles to create a viable aerosol with a MMAD of approximately 500 nm. Even though the majority of the viable MS2 aerosol was not within the MPPS range, the aerosol was sized smaller than that measured by Blachere et al.,^(^[@CIT0006]^)^ and thus was expected to be a more severe challenge than a naturally occurring viral aerosol. Even at high constant and cyclic flow rates in this study the measured viable penetration did not exceed 2%.

Balazy et al.^(^[@CIT0023]^)^ had shown that 50 nm particles of a viral MS2 aerosol do penetrate and could exceed 5%, but it was not known whether the viable viruses penetrated or only fragments as the measurement technique detected both viable and non-viable particles. Similarly, Rengasamy et al.^(^[@CIT0011]^)^ found that the average penetration of some N95 respirator models exceeded 5% when challenged with a monodisperse 40 nm salt aerosol. The penetration only slightly exceeded 5% and was not found to be significantly different from the 5% limit.

Studies to distinguish between viable and physical penetration have been performed by other researchers.^(^[@CIT0024]^,^[@CIT0025]^,^[@CIT0027]^)^ Viable penetration is the ratio of culturable microorganisms that penetrate the filter to that determined in the bioaerosol test challenge, whereas physical penetration represents the fraction of all particles (viable or non-viable) that penetrate the filter. The penetration of both types of aerosols is dependent on the face velocity which is a function of the effective surface area of the filter and test flow rate.^(^[@CIT0003]^)^ However, viable penetration is also dependent on the bioaerosol\'s resistance to environmental degradation. Certain microorganisms are susceptible to desiccation and oxidation while airborne which can reduce their viability.^(^[@CIT0030]^)^ Robust bioaerosols, such as the MS2 used in this study, would thus be expected to yield comparable penetration values to physical (i.e., inert) aerosols of similar size.

A direct comparison of inert 50 nm NaCl particulate penetration results, obtained from a companion study by Eshbaugh et al.,^(^[@CIT0012]^)^ with the MS2 bioassay results for the same N95 filter models is shown in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}. The 50 nm inert aerosol was selected since it is within the MPPS for N95 filters and is reasonably close in size to the NaCl test aerosol used by NIOSH to certify particulate respirators.^(^[@CIT0007]^)^ Only the N95 filters were used for comparison, since the P100 filters were generally very efficient against the MS2 aerosol. Penetration of the 50 nm salt particles was higher than that of the MS2 aerosol for every filter and flow rate combination, ranging from a factor of two to (most typically) over ten times higher penetration. This finding is expected since the larger MS2 particle size produced in this study would exhibit less penetration compared to bioaerosol or inert challenges in the MPPS range. Generally, the viable penetration values were similar to the 0.7 and 1.3 μm salt penetrations measured in Eshbaugh et al.^(^[@CIT0012]^)^ which is more consistent with the measured MS2 aerosol distribution used in this research. FIGURE 3.Comparison of 50 nm (MPPS) inert aerosol and viable viral aerosol (MMAD of ∼ 500 nm) penetration of cartridge filters at constant and cyclic flow rates FIGURE 4.Comparison of 50 nm (MPPS) inert aerosol and viable viral aerosol (MMAD of ∼ 500 nm) penetration of FFRs at constant and cyclic flow rates

In [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}, it can be seen that an increase in flow caused an increase in penetration of the MS2 test aerosol in all but one filter. The increased penetration with increased flow is in agreement with the literature.^(^[@CIT0003]^,^[@CIT0028]^)^ The measured constant 85 L/min viable penetration was less than the cyclic 85 L/min penetration. This is consistent with the constant-cyclic flow comparisons for inert particle penetrations in Eshbaugh et al.^(^[@CIT0012]^)^ and Haruta et al.^(^[@CIT0028]^)^ Eshbaugh et al.^(^[@CIT0012]^)^ concluded that the penetration measured at the constant flow equivalent to the cyclic MIF or PIF more closely resembled the penetration measured at the cyclic flow. Haruta et al.^(^[@CIT0028]^)^ demonstrated that penetrations measured at a cyclic flow of 85 L/min and the constant flow equivalent to the cyclic MIF were similar. In this study, a relationship between the cyclic flows and the equivalent constant MIF or PIF flow was not observed.

A three-way analysis of variance (ANOVA) was performed to statistically compare log-transformed inert and viral penetrations. The three factors included were particle type/size (inert or viral), filter, and flow rate/type. Again, only the N95 filter data were used in the analysis, as the P100 filters were often below the viable detection limit. Although the transformed data were not normal, the deviations from normal were relatively moderate and occurred at the extremes of the distribution. As a result, the departures from normality were not expected to affect the outcome of the ANOVA. As expected, particle type/size, filter, and flow rate/type were all statistically significant factors (p \< 0.05). Since particle type/size was significant, it confirmed the observations that the viable aerosol penetrated less than the inert MPPS aerosol.

In this study, N95 and P100 FFRs and cartridges were challenged with a bioaerosol consisting of agglomerates of viable MS2 and salts/debris in the suspension that was larger than the MPPS for these types of filters. The risk of occupational exposure to monodisperse bioaerosols within the MPPS, however, is expected to be low since the vast majority (\>95 percent) of infectious virus-laden airborne particles are likely to be greater than 100 nm, based on measurements taken in a hospital setting.^(^[@CIT0006]^)^ Eninger et al.^(^[@CIT0031]^)^ tested the performance of N99 and N95 FFRs against an inert salt aerosol (NaCl) and three virus aerosols (MS2, T4, and Bacillus subtilis phage). All the aerosols had a large fraction of particles in the ultrafine range (∼20 to 500 nm). The filter penetration of the bioaerosols did not exceed that of inert NaCl aerosol, suggesting that inert test aerosols are suitable for predicting filter penetration of similarly sized viruses.

The size distribution of the test bioaerosol has a considerable affect on the filtration efficiency of particulate respirators. It is therefore difficult to directly compare the results from this study to other studies that produced MS2 aerosols having significantly different particle size characteristics. Furthermore, filtration studies conducted using different microorganisms, bioaerosol dissemination methods, and test conditions (e.g., flow rates or relative humidity) would be expected to yield different penetration results. The findings from this study suggest that testing with inert aerosols in the MPPS range provides a very conservative estimate of respirator filtration efficiency against larger *naturally* occurring bioaerosols. NIOSH uses a mass-based penetration measurement which cannot be directly compared to the count-based penetration measurement used in this study. The count-based penetrations presented throughout this study, therefore, do not indicate a pass (or fail) of the NIOSH certification tests.

Although not evaluated in this study, the level of protection afforded by an air-purifying respirator is predominantly dependent on the quality of the face seal. The majority of aerosol penetration occurs at the face seal interface and not through the filter material.^(^[@CIT0032]^)^ All masks need to provide a reasonable leak-tight face seal for optimum protection. For regulation of workplace respiratory protection programs, OSHA gives all FFRs and elastomeric half-mask respirators an assigned protection factor (APF) of 10 regardless of filter type (i.e., N95 or P100).^(^[@CIT0033]^)^ Thus, the respirator is only expected to reduce the outside aerosol by 90% (i.e., no more than one-tenth the concentration of outside aerosol is allowed inside). The protection level (i.e., APF) is lower than the minimum N95 and P100 filter certification efficiency of 95 and 99.97%, respectively, to account for face seal leakage. In all cases, a well- administered respiratory protection program is necessary to evaluate hazards and to ensure that workers are provided with appropriate well-fitted respirators and properly trained in their use. Results from this study suggest that a good-sealing N95 or P100 particulate respirator worn to prevent exposure to a viral aerosol should perform adequately to meet the APF.

CONCLUSION {#S0004}
==========

The filtration efficiency of selected NIOSH-approved N95 and P100 FFRs and cartridges was assessed against a MS2 viable viral aerosol challenge under high volumetric flow conditions, representative of very high work rates. The N95 and P100 viable mean penetrations were typically less than 2 and 0.03%, respectively, under all flow conditions. Viral aerosols typically do not exist as single airborne viruses, instead they form agglomerates that typically are larger than the MPPS of the filter.^(^[@CIT0003]^,^[@CIT0004]^,^[@CIT0006]^)^ In the controlled laboratory conditions of this study, the resulting MS2 virus MMAD was approximately 500 nm. As a result, the viruses did not penetrate the filters to the extent of aerosols in the MPPS range (typically 40 to 50 nm for N95 filters). Thus, the N95 and P100 FFRs/cartridges tested in this study met or exceeded their efficiency criteria (95 and 99.97%, respectively) against the viable MS2 aerosol challenge even under very high flow breathing conditions.

[^1]: Single cartridge testing performed at half the flow rate since filters are worn in pairs.

[^2]: At least one trial resulted in penetration below detectable limit.
